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as 2019-nCoV),[1] has caused more than  
83 million infections and 1.8 million 
deaths globally as of January 1, 2021.[2] In 
the past 200 years, multiple epidemics 
induced by emerging viruses, such as 
SARS-CoV, Zika virus, Ebola virus, and 
recently SARS-CoV-2, have posed unprec-
edented threats to global public health.[3] 
Although several vaccine candidates have 
been approved by the U.S. Food and Drug 
Administration (FDA) for emergency pre-
vention of SARS-CoV-2 infection, so far 
there is still absence of effective therapeutic 
options for patients with COVID-19.[4]  
Thus, it is of paramount importance 
to develop therapeutic approaches for 
COVID-19 and other potential pandemics.

Similar to SARS-CoV infection, SARS-
CoV-2 relies on spike proteins and angio-
tensin-converting enzyme 2 (ACE2) recep-
tors for cell infection.[5–7] Once the virus 
enters human body, macrophages and 
monocytes secrete abundant proinflam-
matory cytokines, promoting pathogen 
elimination and tissue recovery. How-
ever, an exaggerated release of cytokines, 
known as a “cytokine storm” (or “cytokine 

release syndrome”), may worsen inflammatory status and 
result in immune-system-initiated organ damage.[8] Clinically, 
the majority of patients with COVID-19 appear asymptomatic 
or mildly symptomatic, while ≈20% of COVID-19 cases develop 

The COVID-19 pandemic, induced by severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2), has caused great impact on the global economy 
and people’s daily life. In the clinic, most patients with COVID-19 show 
none or mild symptoms, while approximately 20% of them develop severe 
pneumonia, multiple organ failure, or septic shock due to infection-induced 
cytokine release syndrome (the so-called “cytokine storm”). Neutralizing 
antibodies targeting inflammatory cytokines may potentially curb immunopa-
thology caused by COVID-19; however, the complexity of cytokine interactions 
and the multiplicity of cytokine targets make attenuating the cytokine storm 
challenging. Nonspecific in vivo biodistribution and dose-limiting side effects 
further limit the broad application of those free antibodies. Recent advances 
in biomaterials and nanotechnology have offered many promising opportuni-
ties for infectious and inflammatory diseases. Here, potential mechanisms 
of COVID-19 cytokine storm are first discussed, and relevant therapeutic 
strategies and ongoing clinical trials are then reviewed. Furthermore, recent 
research involving emerging biomaterials for improving antibody-based 
and broad-spectrum cytokine neutralization is summarized. It is anticipated 
that this work will provide insights on the development of novel therapeu-
tics toward efficacious management of COVID-19 cytokine storm and other 
inflammatory diseases.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202100012.

1. Introduction

The COVID-19 pandemic, induced by a novel severe acute res-
piratory syndrome coronavirus 2 (SARS-CoV-2; also known 
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severe pneumonia, multiple organ failure, and septic shock due 
to the cytokine storm.[9] Therefore, in addition to therapies that 
aim to block viral entry, developing treatment modalities that 
aim to attenuate aberrant immune responses to viral infection 
has become one of the major challenges for successful manage-
ment of COVID-19.[10]

Despite progress, effective therapeutic strategies aiming 
to attenuate cytokine storm in severe COVID-19 patients are 
not yet clinically available.[8] This is partly due to insufficient 
understanding of the pathological process of the cytokine 
storm.[10,11] Although various neutralizing antibodies targeting 
different cytokines are being actively tested, certain limitations 
in these antibodies need to be seriously considered.[12] One 
limiting factor is the dose-dependent side effects related to 
the nonspecific in vivo distribution.[13] More importantly, due 
to the complexity of cytokine interactions and the multiplicity 
of cytokine targets, interventions targeting single cytokines 
may not be sufficient to ease the overwhelming inflammatory 
response.[14]

In light of recent advances in materials science and nano-
technology,[15–19] herein, we discuss the evolution of emerging 
biomaterials for inflammatory diseases, with a specific focus on 
COVID-19 cytokine storm. First, potential mechanisms of the 
COVID-19 cytokine storm are discussed to design therapeutic 
strategies, followed by an overview of ongoing and prospec-
tive clinical trials that aim to ameliorate aberrant inflammatory 
responses in patients with severe COVID-19. Finally, the impli-
cations of emerging biomaterials for improving antibody-based 
and broad-spectrum cytokine neutralization is highlighted 
(Figure 1). In short, understanding the structure–activity rela-
tionships of emerging biomaterials would result in the develop-
ment of new therapeutics that effectively address the COVID-19 
cytokine storm and other inflammatory diseases.

2. Potential Mechanisms of COVID-19 Cytokine 
Storm
2.1. The COVID-19 Cytokine Storm

Inflammatory cytokines, a large group of proteins or peptides 
secreted by immune cells, play vital roles in inflammatory 
processes by promoting pathogen recognition, immune cell 
recruitment, threat elimination, and systemic homeostasis.[20] 

Inflammatory cytokines classified into chemokines, interleu-
kins, and growth factors, among which the tumor necrosis 
factor and interleukin families have been well investigated 
for their roles in multiple inflammatory responses.[21,22] For 
example, tumor necrosis factor-α (TNF-α) and interleukin-1β 
(IL-1β) increase vascular permeability subsequently easing 
leukocyte infiltration, while interleukin-6 (IL-6) can elicit com-
plement expression, which are essential for innate immune 
response.[21,23] Yet investigating individual cytokines and their 
corresponding receptor functions in certain inflammatory 
conditions remains challenging. Previous studies have illus-
trated that some chemokine receptors are able to bind multiple 
ligands, demonstrating considerable redundancy within the 
chemokine network.[24]

The term “cytokine storm,” first proposed to characterize 
the uncontrollable inflammatory states in graft versus host dis-
ease (GvHD) in 1993, has now been broadly used to define a 
situation in which inflammatory cytokines are overly secreted 
in response to certain diseases.[25] Cytokine release is a tightly 
controlled immune process in response to pathogen exposure, 
with only a few pathogens, such as SARS-CoV-2, which can 
routinely initiate a cytokine storm and consequently lead to 
organ damage and even death.[26] A variety of cell types and fac-
tors are involved in the initiation and progression of cytokine 
storm. At the early phase of SARS-CoV-2 infection, rapid viral 
replication triggers a delayed secretion of antiviral interferons 
(IFNs), meanwhile promoting the release of proinflammatory 
cytokines, including IL-6, IL-1β, and TNF-α.[27] Stimulated by 
IFN signaling, lung macrophages secrete certain chemokines, 
which recruit other inflammatory immune cells, such as 
neutrophils, monocytes, and dendritic cells, to the infection 
sites.[28] The activated immune cells secret more cytokines, fur-
ther worsening injury to the lung.[26]

COVID-19 provides a compelling example of cytokine 
storm.[8] In response to SARS-CoV-2 infection, various 
cytokines, such as IL-6, TNF-α, IL-8, IL-1, IL-21, and monocyte 
chemoattractant protein-1 (MCP-1), are upregulated in macro-
phages and/or monocytes to promote pathogen elimination 
and tissue repair.[9] Prolonged high level of cytokines, character-
ized as the cytokine storm, may exacerbate systemic immune 
disorder.[29] Patients with COVID-19 may develop severe com-
plications due to cytokine storm,[30] thus immunosuppression 
has been proposed as an essential means to manage severe 
COVID-19 cases.[8]

Adv. Mater. 2021, 33, 2100012

Figure 1. Therapeutic platforms that capture and neutralize cytokines. A) Single cytokine neutralization platforms, such as neutralizing antibodies and 
biomaterial–antibody complexes for specific neutralization of one cytokine. B) Multiple cytokine neutralization platforms such as glycosaminoglycan 
(GAG) biomaterials and cell membrane nanoparticles for simultaneous neutralization of multiple cytokines.
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2.2. Macrophages in COVID-19 Cytokine Storm

Macrophages are heterogeneous immune cells that link innate 
and adaptive immune responses, and are able to initiate rapid 
protection against pathogens.[31–34] In response to infection, 
monocyte-derived macrophages are recruited from blood cir-
culation to the site of infection in order to orchestrate prompt 
immune response.[34,35] Equipped with pattern recognition 
receptors (PRRs), macrophages can identify pathogen-associ-
ated molecular patterns (PAMPs) and conduct phagocytosis 
and phagolysosome-mediated digestion of pathogens, therefore 
facilitate proinflammatory response.[36,37]

Phagocytosis triggers type I interferon response and release 
of certain cytokines, including IL-6, TNF-α, IL-1, and IL-12 
(Figure 2A).[38] These cytokines have local effects that promote 
vascular permeability and lymphocyte recruitment to the site of 
infection, and systemic effects that initiate secretion of acute-

phase proteins.[10] Moderate cytokine release is beneficial for 
the body, however, potentially harmful if uncontrolled.[8] For 
example, an excessive level of IL-6 is associated with respiratory 
failure and other adverse outcomes in COVID-19 patients.[9]

IL-6, secreted mainly by monocytes and macrophages, acti-
vates neutrophils and T cells via the signal transducer and 
activator of transcription 3 (STAT3) and Janus kinase (JAK) 
signaling pathways.[39,40] Activated T cells and natural killer 
(NK) cells further facilitate macrophage activation through 
secretion of specific cytokines including granulocyte–mac-
rophage colony-stimulating factor (GM-CSF), TNF-α, and IFN-γ 
(Figure  2B).[11] Moreover, oxidized phospholipids (OxPLs) pro-
duced in response to oxidative stress in the lungs of SARS-
CoV-2 patients, may also facilitate local macrophage activa-
tion[41] and stimulate endothelial cells to recruit more mono-
cytes and boost inflammatory response.[42,43] In an acute lung 
injury (ALI) model, OxPLs trigger recruitment and activation of 
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Figure 2. Possible pathways contributing to the COVID-19 cytokine storm. A) A delayed release of type I IFN promotes the sensing of microbial threats 
and inhibits the secretion of monocyte chemoattractants by alveolar epithelial cells, resulting in continuous recruitment of circulating monocytes into 
lungs and differentiation of monocytes into proinflammatory macrophages. B) Activated T cells and NK cells further accelerate sustained recruitment 
and activation of macrophages via the secretion of GM-CSF, TNF, and IFN-γ. C) OxPLs accumulate in infected lungs and activate macrophages.  
D) Type I IFN may induce the expression of viral entry receptors, enabling SARS-CoV-2 to obtain the access to enter into the macrophage cytoplasm 
and activate the NLRP3 inflammasome, resulting in sustained production of IL-1β and IL-18. E). The engagement of FcγRs by antispike protein IgG 
complexes contributes to sustained activation of proinflammatory macrophages. F) Activated macrophages contribute to the COVID-19 cytokine storm 
by secreting elevated levels of cytokines. Reproduced with permission.[39] Copyright 2020, Springer Nature.
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macrophages (Figure  2C).[41] An excessive activation of mono-
cytes and endothelial cells by OxPLs may cause thrombotic 
complications, a life-threatening event for patients with meta-
bolic and cardiovascular comorbidities.[44]

Immunostaining of post-mortem tissues of COVID-19 
patients has revealed that CD169+ macrophages in the spleen 
and lymph nodes contain viral nucleoproteins and ACE2 
receptors, through which viruses enter cells.[45] Recent studies 
suggest that the expression of ACE2 on macrophages can 
be upregulated by proinflammatory factors, such as IFNs 
(Figure  2D).[6,39] In addition, other receptors, such as CD147 
may be also involved in virus entry.[46] Data from virus-induced 
ALI models demonstrated that sustained activation of macro-
phages and infiltrating monocytes could be driven by the 
nucleotide-binding domain, the leucine-rich-containing family, 
pyrin domain-containing-3 (NLRP3) inflammasomes, and 
antispike protein-IgG complexes engulfed through macrophage  
FC-receptors (Figure  2E).[47,48] These activated macrophages 
lead to the COVID-19 cytokine storm by secreting excessive 
inflammatory cytokines (Figure 2F).[11,35]

An immune response to SARS-CoV-2 infection includes 
three crucial phases.[39] In the first phase, early innate immunity 

activation is triggered by a powerful IFN response, which is 
crucial for control of viral replication. In the second phase, a 
delayed IFN response may result in uncontrolled tissue damage.  
Ultimately, it may progress to the third phase, a devastating 
hyperinflammation, characterized by macrophage hyperactiva-
tion and agglutination, potentially followed by abnormal tissue 
repair and fibrosis. Specific mechanisms of the cytokine storm 
following inflammatory responses in severe COVID-19 patients 
need further investigation. It is of great importance to elucidate 
signaling pathways involved in different phases of COVID-19 
immune response and the interactions between these path-
ways.[10] In order to maximize therapeutic efficacy, future studies 
should aim to figure out not only the corresponding therapeutic 
strategies but also the optimal timing for those strategies.

3. Potential Therapeutic Targets and Challenges

Although potential mechanisms of the COVID-19 cytokine 
storm remain partially understood, clinical trials targeting 
inflammatory cytokines are in progress (Table  1).[39,49] Clinical 
trials blocking IL-6 have been initiated all over the world and 
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Table 1. Possible therapeutic targets and ongoing clinical trials for the cytokine storm in patients with COVID-19.

Pathway or molecular targeta) Potential roles Type Name Clinical trials reference numberb)

IL-6 Proinflammatory Anti-IL-6 receptor Tocilizumab NCT04306705; NCT04317092;
NCT04320615; NCT04322773; 
NCT04331795; NCT04331808; 
NCT04330638; NCT04335071; 
NCT04333914; NCT04346355

Sarilumab NCT04315298; NCT04321993; 
NCT04322773; NCT04341870

Anti- IL-6 Siltuximab NCT04330638

Clazakizumab NCT04348500; NCT04343989

GM-CSF Proinflammatory; drives tissue 
recovery in lungs

Anti-GM-CSF Lenzilumab NCT04351152

Otilimab NCT04376684

Gimsilumab NCT04351243

TJM2 NCT04341116

Anti-GM-CSF receptor Mavrilimumab NCT04399980; NCT04397497

Recombinant GM-CSF Sargramostim NCT04326920; NCT04400929

JAK–STAT Mediates cytokine regulation JAK1/JAK2 inhibitors Baricitinib NCT04321993; NCT04320277; 
NCT04340232

Ruxolitinib NCT04331665; NCT04334044; 
NCT04348071; NCT04354714

JAK1/JAK3 inhibitor Tofacitinib NCT04332042

IL-1β Proinflammatory IL-1 receptor antagonist Anakinra NCT04324021; NCT04330638; 
NCT04339712; NCT04341584

CCR5 Recruits monocytes and T cells Anti-CCR5 Leronlimab NCT04343651; NCT04347239

IFN-γ Proinflammatory Anti-IFNγ Emapalumab NCT04324021

NLRP3 Proinflammatory Anti- IL-1β Canakinumab NCT04330638

Complement component C5 Drives cell death Anti-C5 Eculizumab NCT04288713

a)IL-6: interleukin-6; GM-CSF: granulocyte–macrophage colony-stimulating factor; JAK: Janus kinase; STAT: signal transducer and activator of transcription; IL-1β: 
interleukin-1β; CCR5: chemokine receptor-5; IFN-γ: interferon-γ; NLRP3: NACHT, LRR, and PYD domain-containing protein 3; b)Data obtained from ClinicalTrials.gov or 
company public announcements.
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certain clinical outcomes have been reported in a subgroup 
of COVID-19 patients. A study reported that 15 of 20 patients 
in China benefited significantly from IL-6 blockade, based on 
which the U.S. FDA approved the IL-6 blockade as an emer-
gency treatment for COVID-19 patients.[10] Recently, a study 
from Italy also reported that IL-6 blockade was effective in 7 out 
of 21 patients.[11] Several research groups have also launched 
clinical trials simultaneously blocking both IL-1β and IL-6 in 
COVID-19 patients.[23] In addition, blockade of myeloid-cell-
derived cytokines, such as GM-CSF, is promising, and relevant 
trials have been initiated.[50] Therapeutic strategies targeting key 
factors in common inflammatory signaling pathways could sig-
nificantly suppress excessive inflammatory response. Indeed, 
several clinical trials exploring the effectiveness of JAK inhibi-
tors in severe COVID-19 patients are ongoing.[50]

Alternatively, modulation of the release of upstream cytokines 
represents a promising strategy for managing COVID-19 
cytokine storm.[51] Recent studies suggest that hyper-activated 
macrophages are mostly derived from circulating monocytes 
rather than tissue-resident cells,[52,53] thus targeting infiltration 
of macrophages to the lungs and other affected organs pro-
vides a viable treatment option for COVID-19. Blocking C–C 
chemokine receptor type 5 (CCR5), which can modulate T cell 
and monocyte migration, has been actively tested in COVID-19 
patients with mild-to-moderate symptoms.[39] In addition, 
trials testing the effectiveness of blocking IFN-γ in COVID-19 
patients suffering from hyperinflammation and respiratory dis-
tress have also been launched.[54]

In general, immunosuppression has been suggested as 
a promising strategy to attenuate cytokine storm in severe 
COVID-19 patients. Utilizing inhibitors of cytokines (e.g., IL-6, 
IL-1β, IL-17A, IFN-γ, and TNF-α) and modulators of innate and 
adaptive immunity (e.g., CD47, C5, and GM-CSF) are being 
actively tested in COVID-19 patients.[4,10,27,39,50] However, a few 
limitations remain in these free cytokine-neutralizing anti-
bodies. One limitation is the dose-dependent side effects related 
to the nonspecific biodistribution.[11,13] More importantly, due to 
the complexity of cytokine interactions and the multiplicity of 
cytokine targets, immunomodulation of individual cytokines 
may not be sufficient to suppress systemic inflammatory 
response.[12]

Recent advances in biomaterials and nanotechnology have 
offered many exciting opportunities for treating infectious 
and inflammatory diseases.[15,16] For instance, neutralizing 
antibodies conjugated to various biocompatible polymers, 
scaffolds, and nanoparticles, accumulate better at the sites 
of infection thereby enhancing cytokine neutralization.[12] 
Glycosaminoglycan (GAG)-based materials and biomimetic 
cell-membrane-based nanoparticles have been developed to 
mimic intracellular matrix and serve as host cell decoys for 
broad-spectrum cytokine neutralization.[55–57] More impor-
tantly, two liposome-based mRNA vaccines have recently 
been approved for COVID-19,[58–62] further highlighting the 
importance of nanotechnology for the management of infec-
tious diseases.[63] The following sections will review recent 
inflammatory disease research involving emerging bioma-
terials, with a special emphasis on the platforms developed 
for improving antibody-based and broad-spectrum cytokine 
neutralization.

4. Biomaterial-Antibody Complexes for Enhanced 
Cytokine Neutralization

To overcome dose-limiting side effects of free neutralizing 
antibodies, biomaterials have been coupled with antibodies 
to improve their in vivo biodistribution, pharmacokinetics, 
and possibility to reach the sites where free antibodies cannot 
reach.[64] These merits have led to conjugation of drugs to 
multiple biomaterial platforms, including nanoparticles, 
polymers, hydrogels, and extracellular vesicles for a series of 
biomedical applications.[12]

4.1. Antibody–Polymer Conjugates

Conjugation of antibodies to polymers would be an ideal 
strategy for the treatment of localized inflammation, thanks to 
improved molecular weight and reduced diffusion rate of thera-
peutic antibodies.[65] High-molecular-weight hyaluronic acid 
(HA) was conjugated with anti-TNF-α and anti-IL-1β antibodies; 
the resulting antibody–polymer conjugates were employed for 
the treatment of burn injury (Figure 3A).[66] In a rodent model 
of severe burn injury, HA markedly improved the retention 
time of free antibodies in the superficial area. Furthermore, the 
conjugates were efficacious in suppressing acute inflammation 
and inhibiting secondary necrosis in the burn injury model. 
There were much fewer infiltrated immune cells in the areas 
treated with the antibody–polymer conjugates, further sug-
gesting effective remission of the inflammatory status. Notably, 
the backbones of antibody–polymer conjugates have significant 
impact on the cytokine–antibody binding affinity. For example, 
after conjugation to HA or carboxymethylcellulose (CMC), anti-
IL-1β antibodies preserved similar association kinetics to that 
of free antibodies. However, the captured cytokines dissociated 
from CMC conjugates three times faster than from the HA 
conjugates.[67] Such dissociation difference occurs due to the 
conformational alteration of antigen-binding sites by polysac-
charides. Apart from the polymer backbone, the dimension of 
cytokine targets has profound effect on the binding affinity of 
antibodies. Conjugation of HA or CMC or both to anti-TNF-α 
antibodies results in decreased TNF-α adsorption and desorp-
tion.[65] Compared with IL-1β, TNF-α has a much larger mole-
cular weight, limiting its binding kinetics.

4.2. Antibody-Conjugated Scaffolds

Another strategy to regulate local inflammation while mini-
mizing the side effects of systemically administered antibodies 
is conjugation of antibodies to the hydrogels. One classical 
application of these antibody–hydrogel conjugates is for burn 
injury, in which local inflammatory cytokines elicit damage 
progression via complicated cascade reactions (Figure  3B).[68] 
In a rat burn injury model, hydrogel-conjugated anti-TNF-α 
antibodies effectively inhibited the progression of tissue 
necrosis.[69] In the same model, the free antibodies hindered 
macrophage infiltration at the periphery rather than at the sur-
face of wound; in contrast, conjugated antibodies were able to 
inhibit macrophage infiltration both at the wound surface and 
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periphery.[70] As demonstrated by local antibody levels, hydro-
gels significantly improved the residence time of antibodies.[71] 
In brief, these results indicate significant benefits of antibody–
hydrogel conjugates for the treatment of burn wounds. To 
investigate the effects of hydrogel crosslinking on inflamma-
tion management, HA hydrogels were conjugated with anti-
TNF-α and anti-IL-1β antibodies, and the resulting conjugates 
were used for local treatment of burn injury.[72] Intriguingly, 
the hydrogel conjugates could effectively adsorb and neu-
tralize specific cytokines in vitro; however, they could not sup-

press the systemic inflammation in vivo. This phenomenon 
was attributed to the high crosslinking density of HA hydro-
gels, which hindered cytokine diffusion. Thus, when devel-
oping such antibody–hydrogel conjugates, the crosslinking 
density needs to be considered carefully to preserve gel-like 
functions while guaranteeing cytokine mobility for potent 
cytokine neutralization. Meanwhile, maximizing the interac-
tion time between cytokines and antibodies presents a prom-
ising strategy in modulating the overall inflammatory status in 
acute tissue injury.

Adv. Mater. 2021, 33, 2100012

Figure 3. Biomaterial–antibody complexes for enhanced cytokine neutralization and inflammation attenuation. A) Antibody–hyaluronic acid (HA) con-
jugate maintains superior binding to antibodies and suppresses burn progression in mice. Two panels to left: Adapted with permission.[67] Copyright 
2010, American Chemical Society. Two panels to the right: Reproduced with permission.[69] Copyright 2012, The Wound Healing Society, published 
by Wiley. B) Antibody-conjugated scaffold downregulates IL-1β level and relieves skin injury in rats. Reproduced with permission.[72] Copyright 2010, 
Elsevier. C) Antibody-conjugated nanoparticles protect cells from morphology shrinkage and inhibit evaluated IL-6 secretion. Reproduced with permis-
sion.[73] Copyright 2018, American Chemical Society. D) Antibody-loaded platelet extracellular vesicles (TPCA-1-PEVs) reduce the secretion of proinflam-
matory cytokines and inhibit the proportion of T cells in the lung. Reproduced with permission.[13] Copyright 2020, Elsevier.
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4.3. Antibody–Nanoparticle Complexes

Antibodies could also be conjugated to nanoparticles to 
improve their properties, including enhanced circulation, spe-
cific targeting, and prolonged retention after systemic admin-
istration. For example, anti-IL-6 antibodies were conjugated 
to chitosan and HA nanoparticles to neutralize cytokines in 
a model of arthritic joints (Figure  3C).[73] In this study, nano-
particle surface amine groups reacted with the carboxylic acid 
groups of anti-IL-6 antibodies. Compared to anti-IL-6 anti-
bodies, the antibody–nanoparticle conjugates showed better 
inhibition of macrophage activation for a longer time. The 
improvement could be attributed to antibody immobilization 
on the surface of nanoparticles, which decreased the antibody 
degradation. In another study based on a rat model of acute 
temporal lobe epilepsy, anti-IL-1β antibodies were conjugated to 
magnetic nanoparticles (MNs) to enhance cytokine neutraliza-
tion and therapeutic outcomes.[74] The resulting conjugates not 
only promoted the neuroprotective effects by blocking IL-1β but 
also tied the MNs to the neurons and astrocytes, resulting in 
better magnetic resonance imaging contrast than unconjugated 
nanoparticles.

4.4. Drug-Loaded Extracellular Vesicles

In addition, immunosuppressive drugs can also be loaded 
into nanovesicles derived from cells for prolonged blood cir-
culation and specific targeting. Inspired by the inflamma-
tion targeting property of platelets, their extracellular vesicles 
(PEVs) were engineered for targeted delivery of antipneumonia 
drugs (Figure  3D).[13] In an ALI mouse model, activated 
platelet-derived PEVs could selectively accumulate in pneu-
monia-affected tissue. PEVs loaded with antipneumonia drug 
[5-(p-fluorophenyl)-2-ureido]thiophene-3-carboxamide (TPCA-
1), evidently improved therapeutic efficacy by reducing local 
cytokine levels and preventing the infiltration of immune cells. 
Moreover, PEVs could serve as a universal platform for inflam-
mation targeting in multiple disease models, such as skin 
wounds, rheumatoid arthritis, and atherosclerosis.[13]

5. Biomaterials for Broad-Spectrum Cytokine 
Neutralization
In contrast to simplex neutralization agents, multiplex neu-
tralization platforms can neutralize different cytokines con-
currently, addressing the issue of multiple cytokine release in 
different diseases.[12] In this context, two emerging strategies 
attract the most attention, including GAG-based biomaterials 
and cell-membrane nanoparticles.[55–57] The former imitates the 
intracellular matrix for dynamic cytokine neutralization, while 
the latter utilizes cell membranes as decoys.

5.1. Hydrogel Scaffolds

Extracellular matrix GAGs, including heparin and heparan sul-
fate, have been proven to bind multiple inflammatory cytokines 

primarily through electrostatic interactions between electron-
egative sulfate residues on the GAGs and electropositive amino 
acid groups on the cytokines.[75] By adjusting the composition, 
concentration, and sulfation degree of GAGs, the extracellular 
matrix can effectively regulate the transport and bioactivity 
of cytokines. Inspired by such dynamic binding, GAGs have 
been applied to construction of biomaterials for cytokine scav-
enging.[76] Given their unique capabilities, GAGs have become 
promising biomaterials for regulating complicated binding 
events and scavenging various cytokines.[77]

GAG hydrogels have been further developed to capture mul-
tiple cytokines and modulate the inflammatory status in chronic 
wounds. In one study, hydrogels constructed from multiple des-
ulfated heparin derivatives and star-shaped poly(ethylene glycol) 
could effectively attenuate the chemoattractant activities of IL-8 
and MCP-1 in an excisional wound model (Figure 4A).[55] This 
detention effect significantly reduced the mobility of inflamma-
tory cells in the wound sites. Mechanistic studies showed that 
no heparin-affine cytokines, such as IL-6, IL-1β, and TNF-α, 
were trapped by the GAG hydrogels, whereas chemotactic fac-
tors such as macrophage inflammatory protein 1α (MIP-1α) 
and MIP-1β interacted and bonded to these hydrogels. Further-
more, decreased mobility of inflammatory cells accompanied 
the decline of systemic expressions of certain cytokines, such 
as IL-1β, TNF-α, and MCP-1. Following the decrease of matrix 
sulfation, the capacity of hydrogels to trap IL-8 and MCP-1 was 
reduced.[78] In general, the hydrogel promoted wound healing 
by inhibiting specific inflammatory signaling and promoting 
tissue vascularization and epithelialization.

Multiple nanoparticles employing GAGs as blockades have 
been proposed for neutralization of broad-spectrum cytokines. 
For example, self-assembled nanoparticles, made of d-erythro-
sphingosine-conjugated heparins, compared with free heparin, 
exerted much stronger suppression of the release of inflamma-
tory cytokines, including IL-6, TNF-α, and IL-1β, from stimu-
lated macrophages.[79] These early results encouraged rapid 
development of nanoparticle conjugates with multiple GAG 
derivatives, such as HA, chondroitin sulfate (CS), and low-
molecular-weight heparin. Furthermore, investigations of the 
relationship between anti-inflammatory activity and conjugate 
structure suggested a critical role of the sulfation levels in regu-
lating activity of such antibody–nanoparticle conjugates.[80] In 
another study, heparin-embedded HA hydrogel was used to sal-
vage brain tissue after the onset of stroke.[81,82] The loading of 
vascular endothelial growth factor (VEGF) in the HA hydrogel 
reduced levels of TNF-α in damaged areas of the brain; mean-
while heparin nanoparticles captured cytokines, reduced scar 
formation, and eventually facilitated tissue repair after the 
stroke. Moreover, chitosan oligosaccharide was conjugated 
with inversely charged heparin to formulate uniform polymeric 
nanoparticles,[83] and these nanoparticles captured and neutral-
ized cytokines including VEGF and stromal-cell-derived factor 
1α (SDF-1α). In another study, polylysine particles were pre-
pared by first coating a polylysine shell onto negatively charged 
poly(lactic acid)s, followed by depositing heparins on positively 
charged polylysine.[84] The resulting particles were further mod-
ified with CCR5 fragments, which were responsible for inhib-
iting leukocyte adhesion mediated by CCR5 ligand. The com-
bination of CCR5 fragments and heparin inhibited adhesion 
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between monocytes and endothelial cells, a process crucial for 
immune cell infiltration to the inflamed tissue.

5.2. Cell-Membrane-Based Nanoparticles

Inspired by abundant biological functions of cellular vesicles, 
the strategy of wrapping natural cellular vesicle shells onto 
synthetic nanoparticle cores endowed these nanoparticles 

with cell-like functions and extended the applications of nano-
particles.[32,85–89] Among these emerging applications, mim-
icking natural cells to interact with inflammatory cytokines for 
cytokine neutralization has attracted the most attention.[56,57,90] 
By displaying certain antigens inherited from the source cells, 
the cell-membrane-coated nanoparticles trapped and neutral-
ized cytokines without identifying specific targets.[88,91] More 
importantly, these cell-like nanoparticles efficiently trapped 
cytokines by precisely displaying the diversity and complexity 

Adv. Mater. 2021, 33, 2100012

Figure 4. Biomaterials adsorbing broad-spectrum cytokines for suppression of the cytokine storm. A) Hydrogel scaffold, which contains vascular 
endothelial growth factor (VEGF) and heparin nanoparticles, adsorbs inflammatory cytokines and repairs poststroke brain damage. Left three panels: 
Reproduced with permission.[82] Copyright 2018, The Authors, published by Springer Nature. Four panels to the right: Reproduced with permission.[81] 
Copyright 2018, The Authors, published by Springer Nature. B) Neutrophil-membrane-coated nanoparticles, which display abundant cytokine recep-
tors on the surface, can neutralize inflammatory cytokines, alleviate synovial inflammation, and provide effective protection against joint damage. 
Reproduced with permission.[93] Copyright 2019, The Authors, published by Springer Nature. C) Hybrid genetically edited cell membrane nanodecoys, 
displaying abundant ACE2 receptors and cytokine receptors, effectively inhibit the SARS-CoV-2 infection, neutralize inflammatory cytokines, and sup-
press lung injury. Reproduced under the terms of the CC-BY Creative Commons Attribution 4.0 International license (https://creativecommons.org/
licenses/by/4.0).[57] Copyright 2020, The Authors, published by National Academy of Sciences.
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of cytokine receptors.[92] Given above advantages, these cell-like 
particles have emerged as a promising platform for multiplex 
cytokine neutralization.

Macrophage-membrane-capped polymer nanoparticles 
(known as “MM-NPs”) were fabricated for sepsis treatment.[56] 
MM-NPs served as decoys to bind cytokines, thus endowing 
them with the ability to suppress downstream cytokine storm 
that largely claims sepsis-caused lethality. Moreover, MM-NPs 
displayed complete antigen maps of the source macrophages, 
preserving the unique macrophage ability to adsorb endotoxins 
through surface CD14 receptor. These two features of MM-NPs 
enable rapid and effective response to uncontrolled inflamma-
tion, offering a promising therapeutic intervention for sepsis 
management. In vitro investigations have demonstrated that 
MM-NPs adsorb cytokines along with endotoxins, which other-
wise would elicit the sepsis cascade reactions. In a bacteremia 
mouse model, treatment with MM-NPs effectively decreased 
cytokine levels, inhibited bacterial infection, and improved sur-
vival of infected mice. The top-down strategy applied for the 
preparation of MM-NPs effectively inherits endotoxin-binding 
antigens from the source cell membrane that are otherwise dif-
ficult to identify and purify. Furthermore, the surface-to-volume 
ratio of nanoparticles conspicuously increased after the cell-
membrane coating, which was crucial for effective endotoxin 
neutralization.

In another study, neutrophil-membrane-camouflaged parti-
cles (known as “Neu-NPs”) were also developed as a promising 
therapy for rheumatoid arthritis (RA) (Figure 4B).[93] Inflamma-
tory injury in RA is regulated by infiltration of inflammatory 
cells into the joint synovial area.[94] Among them, neutrophils 
play a critical role in activating and maintaining the inflamma-
tory status during RA development. By replicating a neutrophil 
antigenic exterior, Neu-NPs mimicked the biological functions 
of neutrophils. Neu-NPs effectively neutralized multiple types 
of cytokines, including TNF-α and IL-1β, which stimulate and 
recruit more neutrophils leading to exacerbation of RA. By 
broad-spectrum neutralization of cytokines, Neu-NPs signifi-
cantly attenuated synovial inflammation and chondrocyte apop-
tosis. Moreover, Neu-NPs mimicked the interaction between 
chondrocytes and neutrophils, thus promoting permeation of 
Neu-NPs into the mesochondrium for chondrocyte targeting. 
In two mouse models of arthritis, Neu-NPs showed thera-
peutic effect by suppressing overall inflammatory response and 
reducing joint damage. The promising results of employing 
Neu-NPs for RA treatment indicate that coating nanoparticles 
with cell membranes could guide the way toward broad-spec-
trum cytokine neutralization for inflammatory disorders.

To inhibit SARS-CoV-2 infection and suppress downstream 
COVID-19 cytokine storm, cellular-vesicle-based nanodecoys 
(known as “COVID-NDs”) were also developed by merging 
cellular vesicles derived from monocytes and genetically engi-
neered cells that express ACE2 receptors (Figure  4C).[57] The 
COVID-NDs, which have an antigen map equivalent to that of 
the source cells, could compete with host cells for viral adsorp-
tion and thus protect host cells against the SARS-CoV-2 infec-
tion. Moreover, depending on surface cytokine receptors, the 
COVID-NDs effectively adsorbed and neutralized multiple 
cytokines, such as IL-6 and GM-CSF. In a mouse model of 
acute pneumonia, the COVID-NDs significantly suppressed 

the inflammatory disorder and lung injury. Overall, by taking 
advantage of viral attachment to host cells, the COVID-NDs 
represent a universal neutralization strategy across different 
viral genus, species, and strains.[92] The potent two-step neutral-
ization strategy guarantees effective disruption of viral infection 
and subsequent inflammatory response, offering a promising 
theranostic approach for better management of inflammatory 
and infectious diseases.

6. Summary and Outlook

Due to limited understanding of SARS-CoV-2 infection mech-
anisms and pathological processes, effective attenuation of 
COVID-19 cytokine storm is challenging. Although several neu-
tralizing antibodies targeting different cytokines are currently 
in clinical trials, some limitations in using these antibodies for 
therapy remain.[11] Recent advances in materials science and 
nanotechnology offer many promising opportunities for infec-
tious and inflammatory diseases, including COVID-19.[15,18] 
Herein, we first discussed potential mechanisms behind the 
COVID-19 cytokine storm and then summarized potential ther-
apeutic strategies and relevant ongoing clinical trials. Finally, 
the implication of utilizing emerging biomaterials to promote 
antibody-based and broad-spectrum cytokine neutralization 
was reviewed. In particular, we highlighted three strategies to 
functionalize synthetic biomaterials for simple, safe, and effec-
tive neutralization of inflammatory cytokines: 1) conjugation 
of antibodies to biomaterials, 2) integration of GAG block-
ades into biomaterials, and 3) adoption of cell membranes as 
cytokine decoys. Significant progress in these fields provides 
many promising opportunities to develop cutting-edge tech-
nologies for inflammatory and infectious diseases, especially to 
address COVID-19 cytokine storm.

Despite this progress, drug discovery for inflammatory 
disorders is still a significant challenge due to limited under-
standing of specific inflammatory responses in different pathol-
ogies.[39,95] For example, the complexity of cytokine network 
makes neutralization of one or even multiple cytokines insuf-
ficient to suppress overall inflammatory response.[22] Mean-
while, owing to the complexity of feedback pathways, regulation 
of one single inflammatory signaling pathway might trigger 
downstream compensatory immune responses.[26] The compli-
cated inflammatory response network requires balancing the 
risk-to-benefit relationship of these anti-inflammatory drugs.[14] 
In this context, new approaches have emerged to promote 
biomaterial-based cytokine detention and neutralization.[12] For 
instance, various nanoparticles have been functionalized with 
high affinity to specific molecular targets, providing alternative 
options to the biological ligands, such as antibodies and pro-
teins.[32,33] These engineered nanoparticles have been employed 
to detain and neutralize bacterial toxins, animal venoms, and 
inflammatory cytokines.[56,57,90] Other high-affinity molecules, 
such as aptamers, have also been conjugated onto various bio-
materials as potential alternatives to free antibodies for cytokine 
neutralization.[96,97] Collectively, integrating biomaterials for 
cytokine detention and neutralization represents a universal 
and promising strategy to address COVID-19 cytokine storm 
and other inflammatory disorders.
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Other advances in materials science also promise better 
intervention of inflammatory and infectious diseases.[15] Consid-
ering that neutralizing antibodies have low target efficiency and 
cause dose-dependent side effects,[12] accurate real-time moni-
toring of nanoparticles would provide better understanding of 
in vivo dynamic processes of neutralizing antibodies. Continued 
development of advanced but also more accessible imaging 
techniques, such as fluorescence imaging, magnetic resonance 
imaging (MRI), positron emission tomography (PET), com-
puted tomography (CT), and different combinations of imaging 
platforms would be of great help.[98] Moreover, drug develop-
ment heavily relies on studies in animal models, which cannot 
entirely recapitulate human pathologies.[15] Recent microphysi-
ological systems, such as organoid platforms, can provide mac-
roscale models of human tissues featuring the complexity and 
spatial heterogeneity of human organs.[99] For example, bat and 
human intestinal organoids were utilized to confirm the notion 
that human intestinal tract is a possible transmission route of 
SARS-CoV-2.[100] To conclude, advances in materials science 
provide promising opportunities for combating inflammatory 
and infectious diseases.
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